An Aurora Kinase Is Essential for Flagellar Disassembly in Chlamydomonas  by Pan, Junmin et al.
Developmental Cell, Vol. 6, 445–451, March, 2004, Copyright 2004 by Cell Press
Short ArticleAn Aurora Kinase Is Essential
for Flagellar Disassembly
in Chlamydomonas
(Marshall and Rosenbaum, 2001; Song and Dentler,
2001). IFT particles return to the cell body (retrograde
transport) along the microtubule doublets of the flagellar
axoneme (Cole et al., 1998; Kozminski et al., 1995; Pip-
erno and Mead, 1997) through the action of cytoplasmic
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dynein 1b (Pazour et al., 1999). Lesions in IFT motor
proteins or in IFT particle proteins lead to a failure to
assemble cilia and flagella in all organisms examinedSummary
(Rosenbaum and Witman, 2002; Scholey, 2003; Signor
et al., 1999).Cilia and flagella play key roles in development and
sensory transduction, and several human disorders, Chlamydomonas cells regulate the lengths of their
flagella (Berman et al., 2003; Harris, 1988; Marshall andincluding polycystic kidney disease, are associated
with the failure to assemble cilia. Here, we show that Rosenbaum, 2001; Rosenbaum and Witman, 2002), and
they also possess mechanisms for the regulated elimi-the aurora protein kinase CALK in the biflagellated
alga Chlamydomonas has a central role in two path- nation of their flagella. For example, when cells in liquid
culture are exposed to low pH (4.5), they actively andways for eliminating flagella. Cells rendered deficient
in CALK were defective in regulated flagellar excision rapidly excise their flagella at the distal ends of the basal
bodies (Lewin et al., 1982) (Figure 1A). To date, twoand regulated flagellar disassembly. Exposure of cells
to altered ionic conditions, the absence of a centriole/ genes, fa1 and fa2, have been shown to be essential
for the excision that occurs during deflagellation (Finst etbasal body for nucleating flagellar assembly, cessa-
tion of delivery of flagellar components to their tip al., 1998). Chlamydomonas also possesses less extreme
mechanisms for eliminating flagella; soon after gametesassembly site, and formation of zygotes all led to acti-
vation of the regulated disassembly pathway as indi- fuse during fertilization, the quadriflagellated zygote re-
sorbs its flagella (Cavalier-Smith, 1974). Flagellar disas-cated by phosphorylation of CALK and the absence of
flagella. We propose that cells have a sensory pathway sembly also can be induced by modifying properties
of the culture conditions, such as tonicity and calciumthat detects conditions that are inappropriate for pos-
session of a flagellum, and that CALK is a key effector concentration (Lefebvre and Rosenbaum, 1986; Solter
and Gibor, 1978).of flagellar disassembly in that pathway.
Although several molecules have been implicated in
flagellar excision, including the potential scaffold proteinIntroduction
Fa1 (Finst et al., 2000), the NIMA-like protein kinase
Fa2 (Mahjoub et al., 2002), and the microtubule-severingCilia and flagella are dynamic cell surface organelles
composed of a complex, microtubule-based axoneme protein katanin (Quarmby, 2000), much is still to be
learned about the molecules and mechanisms that areenclosed by the cell membrane. Most mammalian cells
express at least one cilium (Wheatley et al., 1996), and essential for regulating both flagellar excision and the
orderly disassembly of flagella. To learn more aboutincreasingly these microtubule-filled organelles are be-
ing recognized as having central roles in development flagellar disassembly, we tested for a possible role of
a recently discovered Chlamydomonas aurora proteinand tissue homeostasis (Ibanez-Tallon et al., 2003). The
absence of cilia is associated with several cilia-related kinase CALK. Members of the aurora family of protein
kinases play crucial roles in regulating several cellulardisorders, including retinitis pigmentosa, polycystic kid-
ney disease, and situs inversus (Ibanez-Tallon et al., processes dependent on microtubule-containing struc-
tures (Adams et al., 2001; Dutertre et al., 2002; Nigg,2003; Ong and Wheatley, 2003; Pazour and Rosenbaum,
2002; Stern and Wolpert, 2002), and recently cilia were 2001), and, recently, the budding yeast aurora Ipl1 was
shown to bind to the plus ends of depolymerizing micro-shown to have an essential role in the vertebrate sonic
hedgehog signaling pathway (Huangfu et al., 2003). De- tubules, where it is required for spindle disassembly
(Buvelot et al., 2003; Cheeseman et al., 2002). Our resultsspite the importance of these organelles, we are only
beginning to learn how they are regulated. demonstrate that the Chlamydomonas aurora is a key
element in regulated elimination of flagella. We showStudies on the flagella of the biflagellated green alga
Chlamydomonas have shown that the proteins needed that CALK functions upstream of the Fa1 and Fa2 pro-
teins in the flagellar autotomy pathway. Moreover, weto form the flagella are delivered to the site of assembly
at the tip of the flagellum through a process called in- demonstrate that it becomes phosphorylated within
seconds after cells are placed in media that lead totraflagellar transport (IFT) (Rosenbaum and Witman,
2002). Protein complexes (known as IFT particles), are flagellar loss, and that CALK is essential both for autot-
omy and for regulated flagellar disassembly.transported along with their flagellar protein cargo to
the site of assembly by kinesin-II, the microtubule-based
motor for anterograde IFT. The flagella are dynamic or- Results and Discussion
ganelles, and their constituents undergo a constant flux
Using an established strategy for RNAi in Chlamydomo-
nas (Huang and Beck, 2003; Sineshchekov et al., 2002),*Correspondence: william.snell@utsouthwestern.edu
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linking a genomic fragment of CALK that included exons
1 to 8 to the corresponding cDNA (Figure 1B) in inverse
orientation. B215 nitrate reductase-deficient cells were
cotransformed with the nit gene (a selectable marker)
and with the CALK RNAi construct, and cells that grew
on KNO3 selective medium were screened for their CALK
levels. Several of the nit transformants (5/42) exhibited
reduced CALK expression, which varied from5 to 70%
of the parental level (data not shown). Although we ob-
served some alteration in growth properties, the cells
bore flagella of normal length and were fully motile. The
most significant phenotype was that several of the trans-
formants were inhibited to varying degrees in their ability
to undergo pH shock-induced flagellar excision.
Transformant RNAiB121, which harbored the RNAi
construct (Figure 1C), showed significantly reduced (less
than 5% of control) levels of CALK (Figure 1D) and was
further examined. RNAiB121 cells underwent an appar-
ently normal cell cycle and possessed full-length fla-
gella, but exhibited a flagellar autotomy (fa) phenotype
and were significantly inhibited in their ability to undergo
pH shock-induced flagellar excision. Whereas it was
rare for control cells to retain flagella after pH shock (in
11 out of 12 experiments, 0–5% of control cells retained
their flagella), in 5 out of 8 experiments with RNAiB121
cells, greater than 75% of them retained their flagella
after pH shock. Thus, although the machinery for regu-
lating flagellar length was intact in the CALK-depleted
cells, the deflagellation system was disrupted.
Because these genetic experiments demonstrated
that CALK was necessary for deflagellation, and be-
cause earlier studies had indicated that protein phos-
phorylation occurred during deflagellation (Harper et al.,
1993), we studied CALK properties in resting cells and in
cells undergoing flagellar excision. Immunoblot analysis
with an anti-CALK peptide antibody of control cells and
of cells deflagellated by pH shock showed that the pH
Figure 1. CALK Is Required for Flagellar Excision and Is Phosphory-
shock treatment led to a posttranslational modificationlated in pH-Shocked Cells
in CALK reflected by a change in its electrophoretic(A) Images of cells and flagella before and after flagellar autotomy
mobility (Figure 1E). Epitope-tagged CALK in cells trans-induced by pH shock.
formed with a CALK construct also underwent the defla-(B) Diagram of the CALK RNAi construct.
(C) Results of PCR carried out using RNAi construct-specific primers gellation-associated modification (Figure 1F) as assessed
on B215 (control) or RNAiB121 genomic DNA templates (upper by immunoblotting with an anti-epitope antibody. Phos-
panel). The lower panel is a control showing PCR products gener- phatase treatment (Figure 1G) of CALK in lysates of
ated with the same templates using endogenous CALK-specific
pH-shocked cells converted it to the form found in un-primers to detect the endogenous CALK gene.
perturbed cells, indicating that the posttranslational(D) An immunoblot of RNAiB121 cells co-probed with anti-CALK
modification was phosphorylation. Moreover, the pro-peptide antibody (upper panel) and anti-tubulin antibody (lower
panel). tein kinase inhibitor staurosporine blocked both pH
(E) Immunoblots using the anti-CALK peptide antibody showing the shock-induced CALK phosphorylation and flagellar ex-
altered electrophoretic migration of CALK in pH shock-deflagellated cision (Figure 1H). Thus, the RNAi experiments showed
cells compared to non-pH shocked cells.
that CALK was essential for flagellar autotomy, and the(F) Immunoblots using anti-HA antibody of HA-CALK transformants
biochemical studies indicated that CALK was phosphor-showing the electrophoretic shift in HA-tagged CALK after pH
ylated during autotomy and that CALK phosphorylationshock-induced deflagellation.
(G) Anti-CALK peptide immunoblots of CALK in cell lysates of pH- and flagellar autotomy were blocked by the protein ki-
shocked wild-type cells after incubation of the lysates at the indi- nase inhibitor, staurosporine.
cated times in buffer alone, buffer plus okadaic acid (Ptase inhibitor), Previous studies have shown that pH shock-induced
or phosphatase enzyme (Ptase).
deflagellation requires the activity of both the FA1 gene,(H) Immunoblots showing that CALK phosphorylation and pH shock-
which encodes a scaffold-like protein, and the FA2 gene,induced flagellar excision were blocked by 1 M staurosporine.
which encodes a member of the NIMA protein kinase
family (Finst et al., 1998; O’Connell et al., 2003). In Chla-
mydomonas and other organisms, NIMA family mem-an oligonucleotide construct that would direct the syn-
bers also are involved in cell cycle control and centriole/thesis of a double-stranded CALK RNA under control
of the endogenous CALK promoter was prepared by centrosome duplication (O’Connell et al., 2003). In order
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about phosphorylation of the recombinant CALK (Figure
2B). Thus, another molecule, probably a protein kinase,
is upstream of CALK in this pathway.
We also examined CALK in wild-type cells that were
aflagellate because of their growth conditions and in
two mutant strains, bld2 and fla10 null, which were afla-
gellate because of lesions in genes necessary for forma-
tion of the basal body/flagella complex. To induce cellu-
lar morphogenesis to the aflagellate state in wild-type
cells, we grew them at an air-agar interface (Lewin, 1953).
bld2 cells are aflagellate because of a lesion in epsilon
tubulin and do not form the centriole-like organelles
called basal bodies from which the flagellar outer dou-
blet microtubules are nucleated (Dutcher et al., 2002).
fla10 null cells, which possess apparently normal basal
bodies, contain a null mutation in the gene that encodes
the 90 kDa motor subunit Fla10 of kinesin-II and are
unable to form flagella (Matsuura et al., 2002). Immu-
noblot analysis of agar-grown wild-type cells, bld2 cells,
and fla10 null cells showed that each contained only
the phosphorylated form of CALK (Figure 2C). When the
aflagellate, agar-grown cells were transferred to liquid
medium, CALK became desphosphorylated at about the
same time that the cells began to assemble new flagella
(Figure 2D).
This phosphorylation of CALK in flagella-less cells,
along with its dephosphorylation when the agar-grown
cells were transferred to liquid medium and assembled
flagella, hinted at the possibility that the role of CALK
in the deflagellation pathway was just one manifestation
of a more global role for the protein kinase in regulatingFigure 2. CALK Is Phosphorylated in Cells that Have Sensed Condi-
the presence of flagella. To test for a more universaltions Inappropriate for the Presence of Flagella
role for CALK, we turned to instances in which Chlamy-(A) CALK was phosphorylated in response to pH shock in the flagel-
domonas cells underwent flagellar loss that were lesslar autotomy mutants fa1 and fa2, even though they retained their fla-
calamitous than excision. For example, soon after ga-gella.
(B) In in vitro phosphorylation assays using His6-CALK as substrate, metes of opposite sex are mixed together, they fuse with
samples containing lysates from pH-shocked cells contained pro- each other, and the resulting quadriflagellated zygote
tein kinase activity not detected in control cell lysate samples. resorbs its flagella over 1–2 hr as the zygote assembles
(C) Immunoblots showing that CALK was phosphorylated in cells a thick, protective extracellular matrix and enters a dor-that became aflagellate upon growth at an air-agar interface and in
mant state (Randall et al., 1967) (Figure 3A). Immunoblot-aflagellate bld2 and fla10 null (2F10) mutant cells.
ting of cells undergoing zygote formation showed that(D) Time course of the appearance of flagella and the dephosphory-
CALK was phosphorylated at around the same time thatlation of CALK after transfer of agar-grown cells to liquid medium.
the zygotes began to resorb their flagella (Figure 3B).
We also examined CALK in fla10-1 cells, which have a
to determine the position of CALK in the flagellar autot- temperature-sensitive lesion in the Fla10 protein. The
omy pathway, we examined phosphorylation of CALK fla10-1 mutants have flagella of normal length at the
in fa1 and fa2 mutant cells. As expected, CALK was permissive temperature. When placed at the restrictive
nonphosphorylated in the mutants before pH shock; temperature, however, IFT ceases and the flagella begin
more importantly, though, it became phosphorylated to resorb (Kozminski et al., 1995) (Figure 3C). We found
immediately upon pH shock in both mutants (Figure 2A), by use of immunoblot analysis that, as in the zygotes,
even though the cells did not excise their flagella. These CALK underwent phosphorylation just before or at
results demonstrated that the mechanisms for sensing around the same time that flagellar resorption began
the pH shock and generating a signal for CALK phos- (Figure 3D). In addition, both CALK phosphorylation and
phorylation were intact in the fa mutants. In addition, the changes in the flagella were inhibited by stauro-
taken together with the RNAi results showing that CALK sporine. Thus, CALK phosphorylation also was activated
was essential for deflagellation, the experiments indi- by cessation of IFT. In addition to documenting that
cated that CALK acted at an early step in the excision CALK was also part of another flagellar disassembly
pathway, upstream of FA1 and FA2. Related experi- pathway, the data suggested that cells possess a moni-
ments, however, demonstrated that phosphorylation of toring system that can detect termination of assembly.
CALK was not the most apical step in the pH-shock In the course of these experiments with the fla10 cells,
induced cellular changes. In vitro phosphorylation ex- and consistent with previous work (Huang et al., 1977;
periments with bacterially expressed recombinant CALK Parker and Quarmby, 2003), we noticed that at 90 min
showed that lysates from pH-shocked cells contained after transfer to the restrictive temperature, nearly 50%
of the cells were aflagellate, presumably because theyan activity not present in control cell lysates that brought
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Figure 3. CALK Phosphorylation during Flagellar Disassembly In-
duced by Zygote Maturation and by Cessation of IFT
(A) Images of zygotes undergoing flagellar resorption after ga-
mete fusion.
(B) Anti-CALK peptide immunoblots of cells undergoing zygote for-
mation and maturation at the indicated times after gametes of oppo-
site mating types were mixed together.
(C) Flagellar resorption and flagellar autotomy of fla10-1 cells that
had been shifted to 32C and the effects on resorption and autotomy
of the protein kinase inhibitor staurosporine (1 M).
(D) Immunoblots of CALK at varying times after transfer of fla10-1
cells to the restrictive temperature (32C).
had undergone flagellar autotomy. Although this dual
response (flagellar excision and flagellar resorption) to
transfer to the restrictive temperature was intriguing be-
Figure 4. CALK Is Required for Flagellar Loss through Resorptioncause it implicated CALK in two pathways, the dual
(A) Images of wild-type cells fixed at various stages of flagellarresponse made it difficult to determine whether CALK
resorption after incubation in NaPPi.phosphorylation was a part of the excision pathway or
(B) Time courses of NaPPi-induced flagellar resorption and CALKthe resorption pathway. Therefore, we used an experi-
phosphorylation in wild-type cells in the presence and absence of
mental approach that would allow us to examine resorp- the protein kinase inhibitor staurosporine (1 M).
tion per se, in the absence of autotomy. Consistent with (C) Early time points of flagellar resorption and CALK phosphoryla-
previous reports (Lefebvre et al., 1978; Solter and Gibor, tion induced by NaPPi.
(D) Lengths of flagella on control and RNAiB121 cells that retained1978), when wild-type cells were placed in 20 mM NaPPi
flagella at 0 and 60 min after placing the cells in NaPPi.(high salt, low calcium) (Lefebvre et al., 1978), the cells
synchronously resorbed their flagella over the course
of 2–3 hr (Figure 4A) and flagellar excision was not
To determine if CALK was essential for regulated fla-observed. Again, we found that CALK was phosphory-
gellar disassembly, we examined the ability of RNAiB121lated under these conditions and that resorption and
cells to undergo flagellar resorption induced by NaPPi.CALK phosphorylation were blocked by staurosporine
When transferred to 10 mM NaPPi, 87% of control B166(Figure 4B). Stimulation of CALK phosphorylation in
cells (a B215 nit transformant that grew on the selectiveNaPPi was surprisingly rapid, being detected with 5 min
media but that expressed wild-type levels of CALK)after transfer of the cells to the NaPPi, before any flagel-
had resorbed their flagella by 30 min, whereas only 25%lar shortening could be detected (Figure 4C). Thus,
of the B121 cells had resorbed their flagella at 30 min.CALK phosphorylation was a very early step in the flagel-
Moreover, when examined at 60 min, the average lengthslar resorption pathway. Taken together, our results dem-
of flagella on cells that retained their flagella was re-onstrated that posttranslational modification of CALK
duced by 58% in the control B166 cells compared towas a common element of responses to multiple, dis-
an 8% reduction in the RNAiB121 cells (Figure 4D). Thus,tinct cellular morphogenesis cues whose outcome was
both flagellar autotomy and regulated flagellar disas-a failure to assemble flagella or the elimination of exist-
ing flagella. sembly required CALK.
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Flagellar Length Measurements and Cell ImagesFew studies have addressed the cellular and molecu-
A Zeiss Axioplan 2 Imaging microscope (Carl Zeiss, Inc., Thornwood,lar mechanisms that govern the presence of cilia and
NY) equipped with an Openlab image analysis system was used forflagella. The work reported here using genetic and bio-
measurement of flagellar lengths of cells fixed in 2.5% glutaralde-
chemical approaches demonstrates that the failure to hyde in culture medium, and Excel (Microsoft) was used to process
assemble flagella as well as flagellar excision and flagel- the data. Each experiment was repeated at least three times and
at least 30–40 cells were measured for each time point. Results fromlar disassembly share a common signaling pathway that
a typical experiment are presented unless noted otherwise. Thehas CALK as a central element. To our knowledge, CALK
photographic images of cells resorbing their flagella were obtainedis the only identified protein to undergo posttranslational
using differential interference microscopy of 2.5% glutaraldehyde-
modifications in response to stimuli that bring about fixed cells on glass slides that were stained with Eosin Y (0.1%
changes in the flagellation state of any eukaryotic cell. Eosin Y, 0.45% glacial acetic acid, 74% ethanol) for 20 s to 1 min.
Thus, just as aurora kinases play important roles in the
Cell Fractionationmitotic spindle, a microtubule organelle whose assem-
Flagella and cell bodies were isolated as described (Pan and Snell,bly and disassembly are carefully regulated (Biggins and
2000) with the following modifications. Cells in M-medium wereMurray, 2001; Buvelot et al., 2003; Carvalho et al., 2003;
subjected to pH shock, and the cell bodies were harvested by cen-
Farruggio et al., 1999; Scholey et al., 2001), this Chlamy- trifugation for 3 min at 1500 rpm. Sucrose (25% stock) was added
domonas member of the aurora protein kinase family to the supernatant containing the flagella to yield a final concentra-
plays a key role in the cellular morphogenetic system tion of 6% sucrose, and the flagella were further purified and har-
vested by centrifugation as described (Pan and Snell, 2000). Sam-that regulates the flagellum. In future studies, it will be
ples were resuspended in cell lysis buffer (HMDEK buffer; Pan andinteresting to examine whether phosphorylated CALK
Snell, 2000) containing a protease inhibitor cocktail (Cat. # 1836170,plays a role in the upregulation of flagellar gene tran-
Roche) and 25 g/ml ALLN prior to immunoblot analysis.
scripts that is induced by deflagellation and flagellar
resorption (Lefebvre and Rosenbaum, 1986). Phosphatase Treatment
One model to explain our data is that the distal ends To obtain cell lysates containing phosphorylated CALK, cells (1 
107cells/ml in culture medium) were deflagellated by pH shock, har-of the flagellar microtubules are monitored by a surveil-
vested by centrifugation, resuspended in cell lysis buffer, sonicated,lance mechanism. A sensor ensures that flagellar com-
and subjected to a brief centrifugation at 600 g for 3 min to removeponents are successfully being added onto the tip of
unbroken cells. For phosphatase treatment, the 40 l final reaction
the growing flagellar axoneme. In a newly divided cell, volume contained 31 l cell lysate, 1 l  phosphatase (400,000 U/l),
the initial assembly would occur on the distal (plus) ends and 8 l of phosphatase reaction buffer (New England Biolabs).
After incubation at 30C for the times indicated, reactions wereof the basal body triplet microtubules. If the proper as-
terminated by adding 40 l 4 x SDS sample buffer followed bysembly is not detected, because for example the ma-
boiling. As controls, cell lysates were incubated in the presence ofchinery for transporting flagellar components to their
the phosphatase inhibitor okadaic acid (1 M) or cell lysis buffer
site of assembly (IFT) is nonfunctional, because the in- alone.
tracellular ionic or osmotic conditions are inappropriate,
or because the site of flagellar assembly itself (the basal SDS-PAGE and Immunoblotting
SDS-PAGE on 7.5% polyacrylamide gels and immunoblotting werebody) is defective, then the sensing system is activated,
carried out as previously described (Pan and Snell, 2000). Typically,CALK is phosphorylated, and flagella do not form or
15–30 g of protein was loaded in each lane. Protein concentrationexisting flagella are removed. Many cilia-related dis-
was determined by use of a Biorad protein assay kit with bovine
eases, including some caused by aberrant cell prolifera- serum albumin (Albumin Standard from Pierce) as a standard. A
tion, are associated with the absence of cilia (Ibanez- polyclonal antibody against a CALK C terminus peptide (TERSPSK
SKSLFKKIFS) was commercially generated (Biosource Interna-Tallon et al., 2003; Pazour and Rosenbaum, 2002). A
tional). Both serum and affinity-purified antibody exhibited similarfurther understanding of the molecular mechanisms that
staining in immunoblots. Anti-HA antibody from Roche (clone 3F10)underlie regulation of the possession of cilia and flagella
was used to detect HA-tagged CALK. Anti- tubulin antibody was
has the potential to offer important new insights into from Sigma.
normal and pathological processes.
In Vitro Phosphorylation of Recombinant CALK
Experimental Procedures Lysates were prepared from control and pH-shocked cells as de-
scribed above, except the cells were disrupted in protein kinase
Cell Culture, Special Chemicals buffer (20 mM HEPES [pH 7.7], 5 mM MgCl2, 0.5 mM DTT, 0.5 mM
Chlamydomonas reinhardtii strains 21gr (mt) (CC-1690), 6145C EDTA, 20 mM -glycerol phosphate, 10 mM NaF, 0.1 mM Na3VO4,
(mt) (CC-1691), fa1 (fa1-4, mt) (CC-3750), and fa2 (fa2-2, mt) 25 g/ml ALLN, 1 M Okadaic acid, and protease inhibitor cocktail
(CC-3752), bld2 (mt) (CC-478) are available from the Chlamydomo- from Roche), and after sonication the samples were centrifuged at
nas Genetics Center, Duke University. fla10 (4930-6-2) (fla10-1, mt) 15000  g for 15 min at 4C. For in vitro assay of protein kinase
was from Gianni Piperno (Mount Sinai School of Medicine), 2F10(2)a activity in the cell lysates, purified, nearly full-length, hexahistidine
(a fla10 null mutant) was from Masafumi Hirono (University of Tokyo), (His6)-tagged CALK (Pan and Snell, 2000) (final concentration 7.5 nM)
and B215 (nit1-1, mt) was obtained from Paul Lefebvre (University was incubated in a 10 l assay containing the indicated amounts
of Minnesota). Cell culture in liquid and on agar plates is described of lysates and 1 mM ATP in protein kinase buffer for 30 min at 30C.
elsewhere (Pan and Snell, 2000). Staurosporine (Biomol, Plymouth The reaction was stopped by adding 30 l 2 x SDS sample buffer
Meeting, PA), Okadaic acid (potassium salt) (Calbiochem, San and boiling immediately for 4 min. For immunoblot analysis, 5 l
Diego, CA), and ALLN (Sigma, St. Louis, MO) were used at the of each sample was used. Cell lysate amounts and immunoblot
concentrations described in the text. For some flagellar resorption development conditions were selected that allowed only His6 CALK
experiments, cells were incubated in sodium pyrophosphate (NaPPi; to be detected in the blots.
Sigma) in minimal medium (Lefebvre et al., 1978; Pan and Snell,
2000) to yield final concentrations of 20 mM for wild-type cells and DNA Constructs and Cell Transformation
10 mM for B215 and its derived transformants. The B215 strain cells To prepare an HA-tagged CALK construct, the SmaI fragment of
were more sensitive to NaPPi than our wild-type strains and required the triple HA tag (Silflow et al., 2001) was cloned immediately up-
only 10 mM NaPPi to induce resorption, which was also more rapid stream of the stop codon of CALK. For the RNAi construct (pCALK-
HybRNAi), the CALK gene sequence from the EcoRV site in exon 8than in our wild-type strain.
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to the start of the 3	 UTR was replaced with cDNA representing Harris, E.H. (1988). The Chlamydomonas Sourcebook (San Diego:
Academic Press, Inc.).exons 1–8 in reverse orientation. The glass bead method was used
to transform pCALK1 or pCALKHybRNAi into the B215 strain, which Huang, B., Rifkin, M.R., and Luck, D.J. (1977). Temperature-sensitive
is defective in the nitrate reductase gene, together with pMN56, a mutations affecting flagellar assembly and function in Chlamydomo-
plasmid containing the nitrate reductase gene (Kindle et al., 1989). nas reinhardtii. J. Cell Biol. 72, 67–85.
Transformants that received the nitrate reductase gene, and there-
Huang, K., and Beck, C.F. (2003). Phototropin is the blue-light recep-
fore were able to grow on medium with nitrate as the sole nitrogen
tor that controls multiple steps in the sexual life cycle of the green
source, were screened by immunoblot blot analysis for expression
alga Chlamydomonas reinhardtii. Proc. Natl. Acad. Sci. USA 100,
of CALK using the anti-CALK peptide antibody (RNAi experiments)
6269–6274.
or HA-tagged CALK using an anti-HA antibody. The presence of the
Huangfu, D., Liu, A., Rakeman, A.S., Murcia, N.S., Niswander, L., andRNAi construct in transformants was assessed by PCR.
Anderson, K.V. (2003). Hedgehog signalling in the mouse requires
intraflagellar transport proteins. Nature 426, 83–87.
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